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In rodents, insufficient thyroid hormone (TH) gestationally has adverse effects on cerebral 
cortex development. Comparable studies of humans examining how TH insufficiency 
affects cortical morphology are limited to children with congenital hypothyroidism or 
offspring of hypothyroxinemic women; effects on cortex of children born to women with 
clinically diagnosed hypothyroidism are not known. We studied archived MRI scans 
from 22 children aged 10–12 years born to women treated for preexisting or de novo 
hypothyroidism in pregnancy (HYPO) and 24 similar age and sex controls from euthyroid 
women. FreeSurfer Image Analysis Suite software was used to measure cortical thick-
ness (CT) and a vertex-based approach served to compare HYPO versus control groups 
and Severe versus Mild HYPO subgroups as well as to perform regression analyses 
examining effects of trimester-specific maternal TSH on CT. Results showed that relative 
to controls, HYPO had multiple regions of both cortical thinning and thickening, which 
differed for left and right hemispheres. In HYPO, thinning was confined to medial and 
mid-lateral regions of each hemisphere and thickening to superior regions (primarily 
frontal) of the left hemisphere and inferior regions (particularly occipital and temporal) 
of the right. The Severe HYPO subgroup showed more thinning than Mild in frontal and 
temporal regions and more thickening in bilateral posterior and frontal regions. Maternal 
TSH values predicted degree of thinning and thickening within multiple brain regions, with 
the pattern and direction of correlations differing by trimester. Notably, some correlations 
remained when cases born to women with severe hypothyroidism were removed from 
the analyses, suggesting that mild variations of maternal TH may permanently affect 
offspring cortex. We conclude that maternal hypothyroidism during pregnancy has 
long-lasting manifestations on the cortical morphology of their offspring with specific 
effects reflecting both severity and timing of maternal TH insufficiency.
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inTrODUcTiOn
Thyroid hormone (TH) is essential for normal brain develop-
ment from the start of pregnancy until the first few years of life 
(1, 2). Because the fetal thyroid system matures late in gestation, 
maternal TH is needed at the beginning of pregnancy for normal 
fetal brain development and serves as a supplementary, albeit 
essential, source later (3). However, if the mother’s TH supply 
is inadequate due to clinical or subclinical hypothyroidism, 
offspring neurodevelopment will be compromised leading to a 
reduced IQ, cognitive and learning deficits, and behavior prob-
lems (4–10). Although these consequences are mostly associated 
with early gestational TH deficiencies (11), adverse effects of 
later TH insufficiency are also known (12). To date, most of the 
research has been based on global endpoints (e.g., IQ), which 
may be insensitive to subtle manifestations or localized brain 
changes (3, 13), while little direct evidence exists on offspring 
brain development (14, 15).
In rodents, abundant research shows a wide range of brain 
abnormalities in the progeny when pregnant dams are rendered 
TH-insufficient at different stages of pregnancy (11, 16, 17). 
Diverse cortical abnormalities (18, 19) reflecting both severity 
and timing of maternal TH deficiency (20) include neuronal 
migration defects, atypical layering (21, 22), reduced growth of 
axons and dendrites (23, 24), and increased apoptosis (25). These 
effects are generally localized to middle and posterior brain 
regions, especially parietal and occipital cortices (26–29), which 
underlie sensorimotor, visual, and auditory functions (2, 30). 
By contrast, the frontal lobes, which are important for executive 
processing and attention require TH in the postnatal period (31), 
signifying a posterior-to-anterior progression of TH need within 
the cortex.
Recent advances in the analysis of MRI scans to evaluate 
cortical morphology now make it possible to directly study the 
human cortex. The available automated programs serve to recre-
ate and measure surface features of the cortex, such as cortical 
thickness (CT) and surface area (SA) (32), which differ as to 
underlying genetic determinants, cellular processes, and timing 
effects (33). CT, the most commonly studied parameter, refers to 
the distance between the brain’s inner white-matter (WM) and 
outer gray-matter (GM) (i.e., pial) surfaces measured across the 
entire cortex (34). A number of neurodevelopmental conditions, 
such as autism spectrum disorder, attention-deficit hyperactive 
disorder, human X monosomy, fetal alcohol spectrum disorder, 
and William’s syndrome show a wide variety of CT abnormalities 
(35–42), which are typically attributed to defects in neuronal 
migration or cortical layering (43, 44). Recently, we reported 
that children with congenital hypothyroidism (CH), who are 
TH-deficient in the period from late gestation until the first month 
or two of life, show cortical thinning and thickening in diverse 
regions with specific effects reflecting initial disease severity and 
predicting current neuropsychological functioning (45). By con-
trast, studies from the Netherlands examining children’s cortical 
morphology report normal CT and SA measurements if mothers 
had hypothyroxinemia in early pregnancy (i.e., low thyroxine or 
T4 but normal thyroid-stimulating hormone or TSH) (46) but 
cortical volumes were reduced if mothers’ free T4 levels were at 
the low or high extremes of the normal range (47). Not known, 
however, is whether children exposed to insufficient TH during 
gestation due to inadequately treated clinical hypothyroidism in 
the mother show abnormal cortical development.
The current study examined CT in young adolescents from a 
cohort born between 1996 and 2001 and regularly followed since 
infancy. Included were offspring of women treated for clinical 
hypothyroidism in pregnancy (HYPO) and of euthyroid women 
(controls). At time of entry into our project, public knowledge that 
HYPO required a substantial increase in dosage of TH was not 
available (48) nor were guidelines for managing maternal HYPO 
(49, 50). Consequently, most mothers were undertreated while 
their children were exposed to some gestational TH insufficiency. 
We presently performed CT studies on archived structural scans 
in order (i) to determine if HYPO and controls differ and identify 
where differences reside and (ii) to examine if CT and maternal 
hypothyroidism severity are related. We hypothesized that rela-
tive to controls, HYPO would show atypical cortical morphology 
that would reflect severity and timing of maternal hypothyroid-
ism. We did not have specific predictions as to where regionally 
or in what hemisphere differences would occur and their extent; 
however, we expected effects to be relatively posterior given 
rodent findings showing a posterior-to-anterior progression of 
TH need in the brain.
MaTerials anD MeThODs
Participants
The current sample consisted of 48 healthy children (30 males, 18 
females) whose mothers were recruited between 1996 and 2001 
during pregnancy or shortly after delivery. Children were previ-
ously studied at 6, 12, and 18 months and 5 years of age. Recently at 
10–12 years, they participated in a large-scale study investigating 
their neuropsychological characteristics (particularly memory) 
and brain anatomy based on structural and functional MRI scans 
(14, 15).
The HYPO group included 24 from a birth cohort consist-
ing of 66 children whose mothers were originally recruited 
during pregnancy via posters placed in local endocrinologists 
and obstetricians’ offices, while a small subset was also directly 
recruited from the records of an antenatal counseling service 
at The Hospital for Sick Children (SickKids) for teratogen and 
medication exposure. Most non-participants were lost to follow-
up or not able to participate due to time constraints. Mothers of 
current and non-participants did not differ in TH levels or socio-
economic status (SES). Their children did not differ in gestational 
age or birth weight.
The 24 HYPO cases were born to 23 women; one mother, who 
was diagnosed in the first pregnancy, contributed two children. 
Most women (83%) were treated with thyroxine prior to preg-
nancy, while 17% began it during pregnancy. The majority was 
diagnosed with Hashimotos thyroiditis, while two women had 
thyroid ablation, one for hyperthyroidism and one for thyroid 
cancer. Thyroid function test results (primarily TSH) were avail-
able from the pregnancy records of all but one woman, who how-
ever was told by her physician that her TSH levels were extremely 
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elevated. As some women only began treatment during the 
second trimester, their second-trimester values were carried back 
to replace their missing data. Based on current trimester-specific 
ranges for TSH (51), two women had normal TSH levels during 
each trimester, whereas the remainder had an elevated value in 
one or more trimesters. The HYPO group was also stratified into 
Mild and Severe subgroups based on a median split of mothers’ 
TSH levels from the first and/or second trimesters (TSH + 8.8 
levels). For 15 children, newborn TSH values obtained from 
provincial screening-lab records were all in the normal range 
(mean = 4.11 mU/l, range = 1.5–12.6 mU/l).
Controls were 24 typically developing youth (15 males, 9 
females) from the same memory study and individually matched 
with HYPO for sex, age (+6 months), and SES (same class value 
except for one pair differing by one class level). Twenty-one were 
from the original birth cohort, one was a participant in a previous 
study in the lab, and two were newly recruited for the memory 
study. All mothers reported not being hypothyroid in preg-
nancy or since delivery. At the time when the birth cohort was 
originally recruited, thyroid function testing was not routinely 
performed in pregnancy in our province; however, a small subset 
was tested by one of the participating obstetricians and all had 
normal-range TH results. Newborn TSH values available on 13 
control children were all in the normal range (mean = 3.68 mU/l, 
range = 1.2–11.0 mU/l).
Procedures
As part of the larger study, all children received over the course 
of 2  days, an extensive battery of neuropsychological tests and 
questionnaires and structural and functional MRI scans, approxi-
mately 2 weeks apart (14). Tests included the two-subtest version 
of the Wechsler Abbreviated Scale of Intelligence (WASI) (52), 
which yielded a Full Scale IQ (FSIQ) score from these two sub-
tests, Vocabulary and Matrix Reasoning subtests, that were given. 
Results from remaining tests are reported elsewhere (14, 15). 
Parents provided informed consent while children gave assent. 
All procedures were approved by the Research Ethics Board at 
SickKids.
imaging acquisition and Processing
Whole-brain T1 images were acquired in a 1.5-T GE Signa 
Excite research scanner with an anatomical Inversion Recovery 
Prepared T1-weighted fast spoiled gradient echo sequence. 
The following acquisition parameters were used: repetition 
time = 10.09 ms, echo time = 4.2 ms, inversion time = 400 ms, 
flip angle = 20°, acquisition matrix = 256 mm × 192 mm, voxel 
size = 0.9375 mm × 0.9375 mm, and slice thickness = 1.5 mm. 
Acquisition time was 7 min. All scans were examined by a staff 
neuroradiologist who reported on incidental brain abnormali-
ties. Any child with a scan indicating a significant neuroradio-
logical abnormality that would affect cortical measurements was 
excluded. As one child with a large right frontal dysembryoplastic 
neuroepithelial tumor was removed, 23 HYPO and 24 control 
scans were available for cortical morphology analysis.
Image analysis was performed on a Linux Fedora operating 
system using FreeSurfer Image Analysis Suite version 4.4 (53). 
When this study originally began, this version was the most 
current and used in other research in our lab (45). FreeSurfer 
consists of a series of automated algorithms that reproduce the 
brain’s inner and outer surfaces and measure distances between 
these surfaces on a point-to-point basis for the entire cortical 
mantle. Processing steps included the following: transforming 
each subject’s native brain into Talairach space, intensity normali-
zation, removal of non-brain tissue, and segmentation of GM/
WM tissue (54), and smoothing using a Gaussian kernel with a 
full width half maximum of 10 mm. Total processing time per 
subject was 24 h. Initially, each cortex was manually inspected for 
quality control and motion by Jovanka Skocic, who was blinded to 
participant group status. Any scan showing extensive motion was 
eliminated from the analysis. We also checked surface extraction 
for systematic errors. In the HYPO group, one scan was removed 
for excessive motion yielding a final sample size of 22 HYPO and 
24 controls.
Whole-brain vertex-based CT statistical analyses were per-
formed using FreeSurfer’s Qdec program. These were conducted 
separately by hemisphere. Also provided by FreeSurfer were 
measures of surface area and gyrification and intracranial, GM, 
WM, and cerebrospinal fluid volumes. For current purposes, only 
CT and total intracranial volume data were used. For all analyses, 
the Destrieux Atlas identified locations of significant clusters.
Data analyses
Demographic and volumetric data were originally analyzed in 
SPSSv21 using t- and chi-square tests. Within FreeSurfer, two 
sets of between-group comparisons were performed using the 
General Linear Model analysis program, one contrasting HYPO 
and control groups and the other, Mild and Severe HYPO sub-
groups. To examine relations between trimester-specific maternal 
TSH levels and CT, regression analyses were performed on the 
scans of children whose mothers had TH data. All analyses 
were conducted across the entire cortical surface of ~80,000 
vertices per hemisphere. Since we had no prior hypotheses on 
specificity, we did not examine within specific regions or lobes. 
The threshold for group comparisons was set at p < 0.05 and for 
regressions, at p < 0.01. To correct for multiple comparisons, we 
used a cluster-wise procedure involving the Monte Carlo null-z 
simulation with 5000 permutations. However, we only report 
group-comparison results at p  <  0.001 to further reduce the 
possibility of Type 1 errors. For all regions showing regression 
effects, we also extracted individual CT values at the peak vertex 
of each significant cluster and in SPSSv23, correlated the derived 
CT values with trimester-specific maternal TSH levels.
resUlTs
Demographic and Total Brain Volume Data
Table 1 providing the mean demographic data for HYPO (n = 22) 
and control (n = 24) groups shows that they did not differ in age, 
sex, SES, or handedness. All participants scored above 80 in IQ, 
although HYPO’s scores were on average 3.7 points below control 
values, but the difference was not significant. For the entire sam-
ple, total intracranial volumes ranged from 1351.1 to 2085.5 cm3 
and did not differ between groups. Because groups did not differ 
TaBle 1 | Demographic data for hYPO and control groups.
hYPOa (n = 22) control 
(n = 24)
p-value
Age (years) 10.3 (0.6) 10.5 (0.71) 0.28
Sex (male/female) 14/8 15/9
Socioeconomic statusb 1.86 (0.77) 1.83 (0.86) 0.9
Handedness (right/left)c 21/1 23/1
Full Scale IQ 113.1 (12.6) 116.8 (10.2) 0.27
Intracranial volume 1774.5 (180.5) 1750.0 (152.5) 0.4
TSH (mU/l)d
Trimester 1 8.70 (6.71)
Trimester 2 6.30 (8.50)
Trimester 3 3.24 (4.17)
Free T4 (nmol/L)e
Trimester 1 11.05 (2.65)
Trimester 2 13.02 (2.17)
Trimester 3 12.54 (2.15)
Thyroxine dosage (μg/day) 103.5 (41.8)
Range 50–200
aThis number represents the remaining sample after the two cases with unacceptable 
scans were eliminated.
bBased on Hollingshead and Redlich’s (1975) 5-point rating scale for socioeconomic 
status (SES) derived from occupations and educational levels of both parents; this 
information was ascertained from a case-history questionnaire given to parents. A 
rating value of 1 signifies the highest SES level and of 5, the lowest.
cBased on a 10-item questionnaire completed during by children during the 
neuropsychological assessment.
dBased on 21 women for trimester 1, 19 for trimester 2, and 16 for trimester 3; values 
elevated in all trimesters.
eBased on 14 women for trimester 1, 12 for trimester 2, and 10 for trimester 3; values 
low but not significantly so for each trimester.
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on any of the above indices, we did not include any covariates in 
the subsequent analyses.
Table 1 also provides for the HYPO group, mean TSH and T4 
level values from each trimester as well as the initial dose level of 
thyroxine in pregnancy. TSH values were consistently elevated, 
whereas free T4 levels were normal or below but not significantly 
low. Even though dose levels varied among the women, their 
dosages did not directly reflect TSH values. For example, the 
woman with the most aberrant TSH values was receiving 125 μg/
day l-thyroxine, which was relatively high.
Between-group comparisons of cortical 
Thickness
The HYPO group included only children born to women with 
elevated TSH levels in pregnancy since the two women with 
normal TSH levels in pregnancy were technically not gestation-
ally hypothyroid (likely because their treatment was sufficient to 
maintain their TSH levels in the normal range). The child whose 
mother was told by her physician that her levels were extremely 
elevated was included. The final sample size for these analyses was 
20 HYPO and 24 controls.
It should be noted that as none of the analyses survived with 
smoothed data, results shown presently are based on unsmoothed 
findings. Table  2 provides results from the between-group 
comparisons, while Figure 1 shows spatial maps of the regions 
differentiating groups. Because HYPO was compared against 
controls (i.e., Control minus HYPO), red clusters signify regions 
of significant thinning in HYPO (Controls > HYPO as per heat 
bars) while blue clusters signify regions of significant thickening 
(Controls < HYPO). HYPO demonstrated five regions that were 
significantly thinner than in controls, two in the left hemisphere 
(viz., insula and fusiform gyrus) and three in the right (viz., fron-
tomarginal sulcus, inferior parietal gyrus, and precuneus). By 
contrast, HYPO demonstrated eight regions (five left, three right) 
of significant thickening compared with controls (Figure 1, blue 
clusters). In the left hemisphere, thickening was primarily frontal 
(positive y-value in coordinates in Table 2) and/or superior (high 
positive z-value), whereas in the right, it was posterior (negative 
y-value) or inferior (negative z-value). As Table 2 indicates, right-
hemisphere thickening was confined to temporal and occipital 
regions, namely the temporal pole, inferior temporal gyrus, and 
pericalcarine sulcus (i.e., occipital pole).
Within-group analyses by severity of 
Maternal hypothyroidism
Two series of analyses were conducted, one examining differences 
between Mild and Severe subgroups and the other correlating 
trimester-specific maternal TSH levels with CT. In order to 
capture a broad range of TSH values and increase sample size, we 
included all HYPO cases but excluded the child whose mother 
lacked actual TSH data and only reported having been severely 
hypothyroid for a final sample size of 21 (10 Mild and 11 Severe).
Table  3 and Figure  2 provide the subgroup-comparison 
results. The Severe subgroup showed thinning in two left- and one 
right-hemisphere regions relative to Mild (Figure 2 red clusters 
as per heat bar) and thickening in three left- and two right-
hemisphere regions (Figure  2 blue clusters). Thinning in the 
Severe subgroup was largely frontal or inferior (e.g., right orbital 
gyrus, left fusiform gyrus), whereas their thickening differed 
by hemisphere. Specifically, the Severe subgroup showed more 
extensive thickening than Mild in the left hemisphere spanning 
from frontal to occipital lobes. Right-hemisphere thickening was 
confined to frontal regions.
To assess the impact of degree of maternal hypothyroidism 
severity on cortical morphology, we conducted regression 
analyses in FreeSurfer between maternal TSH levels and CT. 
Regressions were performed on the 23 HYPO with TSH data. 
In addition, to check if the child whose mother consistently had 
very elevated TSH levels was driving any of the regression effects, 
we repeated these analyses excluding M12. Table 4 presents the 
regression results for the full HYPO group, while Table 5 contains 
the results without M12. In Figure 3 are shown sample findings 
of instances of thickening (positive correlations represented as 
red clusters in spatial maps) and thinning (negative correlations 
represented as blue clusters).
For the first set of regressions with M12 included, Table  4 
indicates mainly positive relationships signifying more thicken-
ing than thinning as maternal TSH levels increased. First- and 
second-trimester TSH levels were only associated with thicken-
ing, whereas third-trimester maternal TSH levels were associated 
with both thinning and thickening. The thinning associated with 
third-trimester TSH was seen in the, left pericallosal sulcus and 
right inferior angular gyrus. Most regions that became thicker 
FigUre 1 | regions showing significant cortical thickness differences between groups. (a) Left lateral-view spatial map showing regions of significant 
thinning (red) and thickening (blue) in HYPO. (B) Right lateral-view spatial map showing regions of significant thinning (red) and thickening (blue) in HYPO. (c) Left 
inferior-view spatial map showing regions of significant thinning (red) in HYPO. (D) Right inferior-view spatial map showing regions of significant thickening (blue) in 
HYPO. As per heat bars, regions depicted in red signify thinning in HYPO (Control > HYPO) and regions shown in blue signify thickening in HYPO (Control < HYPO).
TaBle 2 | cortical regions showing differences between hYPO (n = 20) and control (n = 24) groupsa.
hemisphere region lobe Brodmann area coordinatesb size (mm3) number of vertices p-value
Thinning (hYPO < control)c
Left Insula Frontal 13 −37, −15, 8 108.4 220 0.008
Fusiform gyrus Temporal 37 −32, −57, −11 93.8 146 0.026
Right Frontomarginal sulcus Frontal 10 25, 48, −4 90.8 137 0.029
Inferior parietal gyrus Parietal 39 53, −48, 28 97.6 210 0.015
Precuneus gyrus Parietal 31 15, −48, 35 86.8 265 0.04
Thickening (hYPO > control)d
Left Rostral middle frontal gyrus Frontal 10 −32, 46, 13 105.6 155 0.007
Superior frontal gyrus Frontal 6 −19, −4, 58 160.0 315 0.0002
Superior frontal gyrus Frontal 6 −10, −7, 56 109.8 244 0.005
Superior parietal gyrus Parietal 7 −11, −64, 53 88.9 178 0.028
Postcentral sulcus Parietal 2 −54, −18, 31 90.2 187 0.025
Right Temporal pole Temporal 38 41, 11, −32 138.9 203 0.0008
Inferior temporal gyrus Temporal 37 48, −36, −17 115.7 232 0.003
Pericalcarine sulcus Occipital 17 19, −69, 13 91.6 162 0.03
aExcluded from the original HYPO group were two children with unacceptable scans and two whose mothers’ TSH values were in the normal range throughout pregnancy.
bTalairach coordinates (x, y, z) provide a three-dimensional atlas system that serves to map locations of specific brain structures; the x-coordinate indicates location in the right 
(positive)/left (negative) direction, y indicates anterior (positive)/posterior (negative) direction, and z signifies superior (positive)/interior (negative) direction.
cShown as red tones in Figure 1 to denote Control > HYPO, as per heat bars.
dShown as blue tones in Figure 1 to denote Control < HYPO.
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as maternal TSH levels increased were located frontally in the 
left hemisphere and more posteriorly in the right. Two of the 
regions showing thickening, namely left precentral sulcus/gyrus 
and right cuneus, showed significant correlations with TSH lev-
els from all three trimesters while one region, right postcentral 
sulcus, showed positive correlations with second- and third-
trimester TSH levels. Figure 3 provides sample findings for both 
effects. The upper panel shows thickening in the right cuneus as 
maternal second-trimester TSH levels increased while the lower 
panel shows thinning of the right inferior parietal angular gyrus 
as maternal third-trimester TSH levels increased.
When M12’s data were removed from the regression analysis, 
only two of the regions remained, namely right inferior supra-
marginal gyrus with first-trimester TSH levels and left perical-
losal sulcus with second-trimester (see Table 5). Figure 4 depicts 
the findings between first-trimester maternal TSH and right 
supramarginal gyrus CT including (upper panel) and excluding 
(lower panel) the data from M12. The similar patterns across both 
FigUre 2 | regions showing significant cortical thickness differences between severe and Mild hYPO subgroups. (a) Left lateral-view spatial map 
showing two regions (blue arrows) of significant thickening (blue) in Severe subgroup. (B) Left medial-view spatial map showing regions of significant thickening 
(blue) and thinning (orange/red) in Severe subgroup; (c) Right lateral-view spatial map showing a region of significant thickening (blue) in Severe subgroup. As per 
heat bars, regions depicted in red signify thinning in the Severe subgroup (i.e., Mild > Severe) and regions shown in blue signify thickening (i.e., Mild < Severe). Note: 
significant subgroup differences in left fusiform gyrus, right orbital gyrus, and right lateral orbital sulcus were not evident in current views.
TaBle 3 | regions showing cortical thickness differences between severe (n = 11) and Mild (n = 10)a hYPO subgroupsb.
hemisphere region lobe coordinatesc size (mm2) number of vertices p-value
Thinning (severe < Mild)d
Left Medial orbitofrontal sulcus Frontal −7, 25, −11 108.88 223 0.0002
Fusiform gyrus Temporal −40, −70, −11 53.80 80 0.03
Right Orbital gyrus Frontal 24, 10, −15 54.22 145 0.03
Thickening (severe > Mild)e
Left Precentral gyrus Frontal −21, −15, 65 56.06 150 0.025
Precuneus gyrus Parietal −8, −54, 38 118.68 213 0.0002
Superior occipital sulcus Occipital −22, −74, 34 74.79 110 0.002
Right Precentral gyrus Frontal 44, 2, 37 51.08 81 0.05
Lateral orbital sulcus Frontal 19, 22, −17 54.47 100 0.03
aSample size includes the two children whose mothers had normal-range TSH values throughout pregnancy but excludes the one child whose mothers’ specific TH value information 
was missing.
bDefined as TSH above or below 8.8 mU/l in first or second trimesters. Ranges: Mild = 0.1–8.4; Severe = 8.8–38.5 mU/l.
cSee description of Talairach coordinates in Table 2.
dShown as red tones in Figure 2 to denote Mild > Severe.
eShown as blue tones in Figure 2 to denote Mild < Severe.
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sets of figures indicate the effect was not driven by this outlier, 
signifying that even mildly elevated maternal TSH can disrupt 
cortical development in this region.
A supplementary series of simple correlations was conducted 
between trimester-specific maternal TSH values and individually 
extracted CT values at the peak vertex for each of the significant 
clusters listed in Table 4; values were derived from the FreeSurfer 
analysis conducted with all HYPO participants included. Table 6 
shows results for three series of correlations performed in SPSS 
(version 23), one using the entire HYPO group, one eliminating 
M12 from the analyses, and a third eliminating both M12 and 
another less severe outlier (M41). Notably, many but not all cor-
relations remained when the outliers were removed, particularly 
those involving analyses with first- and second-trimester TSH 
levels.
DiscUssiOn
Current findings provide preliminary support for our hypoth-
esis that children exposed gestationally to insufficient TH due 
to mother’s hypothyroidism will show atypical cortical develop-
ment reflecting the severity and timing of her condition. We 
found that when they were compared with children born to 
normothyroid women, the offspring of women with HYPO 
showed a number of cortical regions that were thinner or 
thicker than in controls. Thinning was bilateral and in frontal, 
parietal, and temporal regions, whereas thickening differed by 
hemisphere and tended to be superior in the left hemisphere 
and inferior or posterior (e.g., temporal and occipital poles) 
in the right. However, only one of the regions differentiating 
groups was associated with severity of hypothyroidism in the 
mother (based on subgroup analysis), namely left fusiform 
gyrus. Correlations between mothers’ trimester-specific TSH 
levels and CT values revealed a greater number of positive than 
negative effects, signifying greater thickening from more severe 
maternal hypothyroidism. While some effects were driven by 
one or two outliers born to women with the most extreme 
HYPO, a number of other effects remained when these children 
were removed from the analyses, suggesting that even a mild 
degree of maternal hypothyroidism can disturb offspring corti-
cal development.
Cortical thinning in HYPO was observed in left fusiform 
gyrus and insula and in right frontomarginal sulcus, inferior pari-
etal gyrus, and precuneus. Stratification by severity of maternal 
TaBle 5 | regions showing significant correlations (p < 0.01) between maternal Tsh values and vertex-based cortical thickness results with primary 
outlier removed.
region lobe effect coordinates number of vertices cluster-wise p-value
Trimester 1
R Inferior supramarginal gyrus Parietal Thickening 53, −40, 35 76 0.0018
Trimester 2
R Middle temporal gyrus Temporal Thinning 60, −49, 1 90 0.0002
L Inferior angular gyrus Parietal Thinning −45, −68, 27 58 0.004
L Precuneus gyrus Parietal Thinning −8, −69, 43 67 0.007
L Inferior frontal gyrus Frontal Thickening −54, 20, 14 63 0.009
L Pericallosal sulcus Temporal Thickening −36, −27, 9 92 0.006
L Postcentral sulcus Parietal Thickening −33, −33, 52 78 0.003
Trimester 3
L Insula circular sulcus Frontal Thickening −27, 18, −16 731 0.008
Values shown in italics are also seen in Table 4, signifying effect remains with outlier removed.
TaBle 4 | regions showing significant correlations (p < 0.01) between maternal Tsh values by trimester and vertex-based cortical thickness results for 
entire hYPO group.
region lobe effect coordinates number of vertices cluster-wise p-value
Trimester 1
L Precentral sulcus Frontal Thickening −15, −13, 60 91 0.004
R Supramarginal gyrus Parietal Thickening 46, −26, 24 93 0.005
R Supramarginal gyrus Parietal Thickening 53, −39, 35 68 0.006
R Cuneus Occipital Thickening 7, −84, 20 43 0.005
Trimester 2
L Precentral gyrus Frontal Thickening −33, −16, 62 111 0.0002
R Postcentral sulcus Parietal Thickening 28,−39, 51 131 0.0002
R Cuneus Occipital Thickening 8.5, −84, 19 64 0.0002
Trimester 3
L Pericallosal sulcus Temporal Thinning −6, 11, 24 99 0.008
R Inferior angular gyrus Parietal Thinning 44, −65, 30 58 0.007
L Precentral sulcus Frontal Thickening −15, 12, 59 91 0.003
R Postcentral sulcus Parietal Thickening 28,−39, 51.5 135 0.002
L Inferior occipital gyrus/sulcus Occipital Thickening −31, −86, −1 42 0.008
R Cuneus Occipital Thickening 12, −86, 18 53 0.008
Values in bold italics indicate relationship maintained through three trimesters and in italics only, relationship maintained in two consecutive trimesters.
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hypothyroidism (in first half of pregnancy) revealed that, relative 
to the Mild subgroup, the Severe subgroup manifested thinning 
in left fusiform gyrus and also left orbitofrontal sulcus and right 
orbital gyrus. Consistent findings from between- and within-
group analyses in the left fusiform gyrus suggest that this region 
is quite sensitive to severe maternal hypothyroidism, as the 
Severe subgroup was likely driving the difference with controls. 
However, the other regions differentiating HYPO and control 
groups (e.g., left insula) not seen in subgroup comparisons may 
mean either no effect of hypothyroidism severity (based on 
early-pregnancy maternal TSH levels) or our sample size was too 
small for the subgroup analysis to show significant differences. By 
contrast, the Severe subgroup showed thinning relative to Mild 
in inferior frontal areas (viz., left medial orbitofrontal sulcus 
and right orbital gyrus), signifying that since stratification was 
based on mothers’ TSH levels from the first half of pregnancy, 
some anterior parts of the cortex had a very early need for TH. 
The thinning observed across analyses suggests that both early 
and later aspects of corticogenesis may be disrupted by maternal 
hypothyroidism (32).
Explanations for thinning based on rodent evidence suggest 
that several key developmental processes may be disturbed by 
TH insufficiency from hypothyroidism early in gestation. For 
example, symmetric division may have failed to stop leading to 
an accumulation of neurons in the ventricular zone with fewer 
ultimately reaching the cortical mantle (25). Alternatively, some 
early effects may reflect neuronal migration abnormalities due to 
increased tangential and less radial migration (21, 22) with the 
result that fewer neurons ultimately reach certain cortical regions 
and others have more neurons (see below). Also, disturbances in 
the antioxidant defense system can lead to reduced survival of pro-
liferating neurons during early gestation, as also seen in a murine 
model of maternal hypothyroidism (55). In rodents, maternal TH 
insufficiency later in gestation also affects more advanced cortical 
processes, such as dendritic arborization, which is reduced (21), 
and apoptosis, which is increased (25). Overall, these findings 
suggest that, in humans, multiple developmental processes are 
likely perturbed by maternal hypothyroidism, while specific 
effects reflect the exact timing of mother’s TH deficiency in rela-
tion to ongoing non-uniform brain development. Accordingly, all 
FigUre 3 | sample regions showing significant correlations between cT and second- and third-trimester maternal Tsh. (a) Right medial-view spatial 
map showing increased thickening (red) in right cuneus as maternal second-trimester TSH increased. (B) Correlation plot between individual CT values and 
second-trimester maternal TSH levels in right cuneus. (c) Right lateral-view spatial map showing increased thinning (blue) in right inferior parietal angular gyrus 
(circled) as third-trimester maternal TSH increased. (D) Correlation plot between individual CT values and third-trimester maternal TSH levels in right inferior parietal 
angular gyrus. Note, these analyses included M12 outlier; however, when M12 was not included in FreeSurfer analyses, thinning in right inferior parietal angular 
gyrus still remained (p = 0.01).
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of these effects can give the appearance in FreeSurfer of a thinner 
cortex in specific regions.
Children born to hypothyroid mothers also showed extensive 
thickening across the entire cortical mantle; thickening was 
more prevalent than thinning. Within the left hemisphere, 
effects were predominantly in superior and anterior regions and 
in the right hemisphere, within inferior and posterior regions 
(Table 2). Within-group analyses revealed that the Severe sub-
group had thickening across the left cortex relative to Mild but 
this occurred only frontally in the right hemisphere (Table  3). 
By contrast, regression results showed that maternal TSH levels 
were primarily correlated with CT in left frontal regions, whereas 
effects were more widespread in the right hemisphere. Although 
there is no ready explanation for these contradictory findings 
between the two sets of analyses, these findings may suggest 
inter-hemispheric differences in timing of need for TH. Since 
effects were primarily posterior in the right hemisphere and since 
developmental progression seems to be in a posterior-to-anterior 
direction, this suggests the right hemisphere may lag behind the 
left both developmentally and in vulnerability to hypothyroid-
ism. Separate regressions with and without outliers also suggest 
different specific effects depending on whether hypothyroidism 
is severe or not. With outliers removed, the observed thickening 
in regions such as the right supramarginal gyrus and precentral 
gyrus suggests that mild elevations in TSH among treated hypo-
thyroid women can have a significant and sustained impact on the 
developing fetal brain.
Explanations for cortical thickening based on rodent evidence 
may also reflect different aspects of cortical migration. First, due 
to diminishment of the glial scaffold needed for radial migration 
toward the cortical plate (22), some neurons may have remained 
in lower layers or even WM, thus giving the appearance of a 
longer  –  and hence thicker  –  human cortex. Alternatively, the 
increased tangential and decreased radial migration associ-
ated with TH insufficiency may mean that some regions had 
augmented number of neurons as opposed to others that had 
fewer neurons (see above discussion on thinning and migration). 
Second, it is also possible that the observed cortical thickening 
reflected alterations in the boundaries between GM and WM, 
given that unmyelinated peripheral axonal fibers look similar to 
GM (56). Finally, since maternal hypothyroidism is known to dis-
rupt the balance between astrocytes and oligodendrocytes (i.e., 
fewer oligodendrocytes, more astrocytes) (57), this may mean 
that the number of exposed unmyelinated axons is increased 
leading to more GM than WM, which in FreeSurfer can also 
appear as increased thickening of the cortex.
Lateralized differences in thinning and thickening may reflect 
timing of need for TH given the unique cell compositions and 
FigUre 4 | sample regions showing significant correlations between cT and first-trimester maternal Tsh. (a) Right lateral-view spatial map showing two 
nearby regions, indicating significant (p < 0.001) thickening (red) as first-trimester maternal TSH levels increased. (B) Correlation plots between individual CT values 
and first-trimester maternal TSH levels in two regions of right supramarginal gyrus. (c) Right lateral-view spatial map showing significant thickening (red) as 
first-trimester maternal TSH levels increased with M12 removed from FreeSurfer analysis. (D) Correlation plot between individual CT values and first-trimester 
maternal TSH levels in right supramarginal gyrus with M12 removed from FreeSurfer analysis. Note: correlations were retained when both outlying cases (M12 and 
M41) were removed from SPSS analyses shown in B (p = 0.006 and p = 0.01) and when M41 was removed from analysis shown in D (p = 0.002).
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different rates of development of the right and left hemispheres 
(58, 59). These laterality effects are to our knowledge unique and 
not similarly reported in the rodent literature. Additionally, since 
different cortical regions vary as to phases of cell development 
and positioning when cell cycle is completed and apoptosis 
occurs (25), this may explain our unexpected findings also of 
both thinning and thickening in nearby regions (e.g., right orbital 
gyrus and right lateral orbital gyrus, see Table 3).
It is relevant to note we recently reported that children with 
CH, who underwent a brief circumscribed period of TH insuffi-
ciency that occurred somewhat later and extended longer than in 
HYPO, also showed that cortical thinning and thickening relative 
to controls and effects reflected the severity of their hypothyroid-
ism (45). Both CH and HYPO conditions showed thinning of the 
right precuneus and thickening in right occipital regions, while 
left precentral gyrus and right cuneus and postcentral gyrus 
thickening were correlated with late gestational or perinatal 
TH elevations in both populations. However, CH showed more 
instances of thinning than thickening compared with HYPO, 
particularly in the frontal lobes (as well as temporal pole and 
inferior temporal gyrus) and on regression analyses showed 
more negative correlations with TSH levels. Differences between 
CH and HYPO studies may reflect their different timing of TH 
insufficiency, which was later in CH. Thus, the increased thinning 
in CH versus HYPO may reflect the impact of their later TH loss 
on more protracted aspects of cortical formation, such as process 
growth and apoptosis. On the other hand, differences between 
studies may reflect the slightly older ages of the CH group and 
their matched controls than the HYPO group and their controls, 
especially given longitudinal evidence that thickening normally 
occurs up to a specific age in puberty followed by thinning (60).
Our observations of a broad range of cortical regions with 
atypical morphology in the offspring of hypothyroid women 
have important implications for the daily functioning of their 
children. For example, their thinning in the right fusiform gyrus 
may contribute to face- and object-processing difficulties, while 
effects in the right precuneus may be associated with weak spatial 
and math skills (4, 47, 61). Also, their cortical thinning in right 
precuneus and frontomarginal sulcus can contribute to the auto-
biographical memory weaknesses we previously noted in this 
population (62, 63). On the other hand, increased thickening in 
posterior structures may correspond to our previous findings that 
these children had visual processing difficulties, including poor 
contrast sensitivity, when mothers were severely hypothyroid 
TaBle 6 | coefficients for correlation analyses between maternal Tsh and individually extracted cT values performed with and without outliers.
region lobe coordinates Total sample Without M12 Without M12 and M41
First-trimester tsh
Thickening
L Precentral sulcus Frontal −15, −13, 60 0.725*** 0.468* 0.255
R Supramarginal gyrus Parietal 45, −26, 24 0.679*** 0.699*** 0.553**
R Supramarginal gyrus Parietal 53, −39, 35 0.732*** 0.687*** 0.595**
R Cuneus Occipital 7, −84, 20 0.708** 0.737** 0.561*
second-trimester tsh
Thickening
L Precentral gyrus Frontal −33, −16, 62 0.764*** 0.453* 0.462*
R Postcentral sulcus Parietal 28, −39, 57 0.972*** 0.403 0.406
R Cuneus Occipital 8.5, −84, 19 0.793*** 0.611** 0.614**
Third-trimester tsh
Thinning
L Pericallosal sulcus Temporal −6, 11, 24 −0.700*** −0.366 −0.395
R Inferior angular gyrus Parietal 44, −65, 30 −0.704*** −0.548** −0.496*
Thickening
L Precentral sulcus Frontal −15, 12, 59 0.738*** 0.405 0.469*
R Postcentral sulcus Parietal 28, −39, 52 0.815*** 0.074 0.045
L Inferior occipital gyrus/sulcus Occipital −31, −86, −1 0.557** 0.175 0.119
R Cuneus Occipital 12, −86, 18 0.745*** 0.273 0.253
All results obtained from FreeSurfer analyses performed on entire sample, as shown in Table 4; ***p < 0.001; **p < 0.01; *p < 0.05.
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(64); this may also lead to the observed non-verbal difficulties 
following maternal hypothyroxinemia (46). Observed thicken-
ing in frontal regions may contribute to problems in executive 
functioning, including difficulties in sustaining and maintaining 
attention (4, 8, 65) and increased risk of attention-deficit disorder 
and autism (10, 65). Finally, our finding of thickening within the 
right supramarginal gyrus of the parietal lobe has important 
implications for social functioning, given this region is critical 
for empathy and emotion processing (66). Furthermore, this 
finding may be a prelude to recent reports of increased emo-
tional problems they exhibit as adults (67, 68). Interestingly in a 
preliminary analysis, we recently observed a positive correlation 
between degree of thickening and their emotion regulation in 
our adolescent sample. Our findings also revealed that thicken-
ing effects in some regions, such as the postcentral gyrus and 
sulcus and pericallosal sulcus, which are important for sensory 
processing, but these disappeared once outliers were removed, 
suggesting that central regions may be especially vulnerable to 
severe TH deficiency in pregnancy.
Present results also have important clinical significance for 
pregnant women whose offspring may be affected by mild eleva-
tions in maternal TSH depending on trimester of TH deficiency. 
Consequently, it is important to closely and frequently monitor 
women with hypothyroidism in order to ensure their dosages are 
sufficient to maintain their TH levels within the normal range 
throughout pregnancy. It is important to note that Korevaar 
and colleagues recently showed that for normothyroid women, 
those with early-to-mid pregnancy levels at the extremities of the 
normal range had children with lower IQs and smaller cortical 
volumes (47).
Although this study is unique because it includes offspring 
of hypothyroid women followed for a minimum of 10–12 years 
from or shortly after pregnancy and detailed assessments 
(described elsewhere) and structural (14, 15) and functional (in 
progress) MRI scans, our study is also subject to a number of 
limitations. Our small sample size represents an approximately 
two-thirds loss from the original group; however, no bias was 
observed in those who dropped out versus those who par-
ticipated currently. Nevertheless, this has meant we could not 
analyze for other factors, such as sex or age, which can influence 
CT (69, 70). Also, the age range of our sample spans when the 
normal age-trajectory for cortical thickening reaches its peak 
and then starts to thin (60, 71); consequently, HYPO’s observed 
thickening can reflect either a permanent defect or a delay in 
development relative to controls. Likewise, we did not assess 
for pubertal maturity, which additionally affects CT (69). 
Furthermore, although we had thyroid information on most 
mothers, many had only TSH data and in most cases, only a 
single measurement per trimester. Consequently, we could not 
examine for degree of variability within a trimester and as we 
used averaged values within each trimester (when a mother 
provided more than one measurement per trimester), we could 
not examine for the impact of very low or very high TH levels. 
We also could not examine for effects of hypothyroxinemia. 
While our control group came from ostensibly normothyroid 
women who were ascertained similarly to the HYPO group, we 
lacked direct evidence they were in fact euthyroid, except for 
a small group of normothyroid women who were assessed and 
showed normal levels. Finally, as this study was preliminary, 
results were not correlated with indices of neuropsychological 
functioning and this needs to be done in future research on 
this population.
Several methodological issues may also influence our 
findings. Scans were obtained on a 1.5-T scanner, for which 
resolution between cortical layers may be less clear than with 
higher Tesla scanners, while analyses were performed using 
an early version of FreeSurfer, which may yield CT differences 
from later versions. Also, FreeSurfer (34) uses an adult template 
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to label gyri and sulci and as our participants were pre-ado-
lescents, some regional differences may not accurately reflect 
those designated by the coordinates in the output. In addition, 
as our results are based on unsmoothed and hence noisy data, 
some results may be false positives. Furthermore, we performed 
correlations between maternal TSH and CT measurements 
derived from the peak vertex only, not CT averaged across the 
identified cluster, and this may give an incomplete picture of the 
full impact of maternal hypothyroidism on offspring cortical 
development.
cOnclUsiOn
Young adolescents exposed to insufficient maternal TH in utero 
show abnormal cortical development reflecting both thinning 
and thickening in different regions. Thickening was more 
common and extensive than thinning and appeared to reflect 
early TH insufficiency. Since specific regional and hemispheric 
differences depended on the trimester of TH insufficiency, this 
may reflect the spatiotemporal dynamics of the developing 
human brain in its need for TH during gestation. However, 
given the limitations and our preliminary approach, further 
research using larger samples and in relation to other gestational 
TH deficiencies (e.g., resistance to TH, hypothyroxinemia of 
prematurity) or forms of maternal TH insufficiency (e.g., sub-
clinical hypothyroidism, hypothyroxinemia, iodine deficiency) 
is warranted. Future studies also need to examine the relations 
between aspects of cortical development and higher-order 
cognitive and sociobehavioral functions in order to better 
characterize the full impact of maternal hypothyroidism on the 
progeny. Nevertheless, our findings do signify that TH plays a 
central in human corticogenesis.
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